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Visualization of 3D gas density distribution
using optical tomography
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Abstract

This paper presents a visualization of a 3D gas density distribution, which arose from a safety analysis of a high-temperature gas cooler
reactor. The density distribution is reconstructed from holographic interferograms using the techniques of computed tomography. In the
reconstruction process, a new reduced bandlimit technique is used in the filtered-backprojection algorithm to deal with the truncated
projection data with noise. The results reconstructed from 12 view directions are verified qualitatively by an oxygen molarity detector. It
shows that the filtered-backprojection algorithm, integrated with the reduced bandlimit technique, can reconstruct the 3D density distribution
from the truncated and noisy projections, and that holographic interferometry is a non-disturbing and powerful tool in flow-visualization
for 3D gas flows. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Study of gas-exchange flow with diffusion is an important
topic in nuclear engineering and nuclear fuel cycle engi-
Tomography is a well-developed technique for recon- neering, such as the safety analysis of High-Temperature
structing the internal structures of objects from their ex- Engineering Test Reactor [8]. Fumizawa [9] evaluated
ternal transmission or emission projections over different the exchange-flow rate of helium and air through a small
directions. Spatial variation in density can be measured opening. Fumizawa and Okamoto [10] measured the 2D
with the variances of refractive index by an interferometer mole fraction distribution of a stably stratified flow using
[1]. a Mach—Zehnder holographic interferometer. In that study,
Exploration of the optical tomography technique in flow- only 2D flows were studied, because the flow could be as-
visualization can be traced back over three decades. Matulkasumed to be cylindrically 2D flow. However, it is obvious
and Collins [2] demonstrated the possibility of visualizing that the gas-exchange flows are usually complex 3D flows.
an asymmetric 3D density by an optical tomography sys- Information about the 3D density distributions is very im-
tem with only three directions. During the 1980 and 1990s, portant if the exchange process is understood. Therefore,
progress has been made in both hardware systems and rgechniques for measuring 3D gas flows are desired. Harauz
construction [3-5], and applications of optical tomography and Heel [11] exploited exact filters to reconstruct 3D data
in flow-visualization continue to appear [6]. Although the from 50 projections in random directions. Hesselink [12]
optical wavefront sensor [7] is available nowadays, the studied the 3D density distribution of a helium-air coflow
holographic interferometer, which is a non-disturbing and from 36 holographic interferogram projections. However, it
powerful tool for measuring the gas density distribution is usually difficult to get so many projection data simultane-
in whole volume, is also being studied. The most difficult ously. Additionally, when the flow field is relatively large,
problem for optical tomography is the lack of sufficient the interferogram projections may not cover the whole flow
projection data for reconstruction. field, resulting in truncated projections.
In most applications in engineering, the projections are
limited in views, restricted in angle or truncated in length
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or experimental restrictions. The ill-posed problems can In this study, the interferogram images of an asymmetric
be grouped into two kinds of incomplete projection data: and stable gas-flow field were taken from only 12 view
limited views and truncated views. Most reconstruction al- directions. Some of the projections were truncated because
gorithms in such applications are algebraic reconstruction of the limit of laser-beam width. In order to reconstruct
technique (ART); this is easy to use and the requirementsfrom the truncated projections, a reduced bandlimit tech-
for its iterative procedure are easy to meet. Andersen nique is proposed in the Fourier domain. Using the reduced
[13] presented an ART which is better than iterative bandlimit technique in FBP algorithm, the 3D gas density
reconstruction—reprojection. Watt et al. [14] evaluated sev- distribution was reconstructed.

eral ART techniques for reconstruction from six and more
projections. Tsuru et al. [15] tried a genetic algorithm based
on ART to do reconstruction from eight projections. Youla
et al. [16] introduced the concept of projections onto convex
sets, and Medoff et al. [17] proposed an operator framework
which incorporated a priori information. Verhoeven [18]
compared five algorithms: adapted versions of ART, the
multiplicative ART, the Gerchberg—Papoulis algorithm, a
spectral extrapolation algorithm and the singular-value de-
composition technique from limited projection data for
physical sciences. One of his conclusions is that recon-
struction is better with five views than with 19 at all noise
levels with a limited angle of view. In 1996, Feng [19]
proposed an optimization approach to try to do reconstruc-
tion from only three views for simple, smooth distributions.
The two big disadvantages of such iterative algorithms are
that they are time-consuming and that errors for distribu- I = Io[1 + cos(2mn)] Q)
tions may increase after a certain number of iterations,

while the errors for the projections keep reducing [14]. nA = K [/ p(x,y,z)dl —/ oref(x, ¥, 2) dl}

The filtered-backprojection algorithm (FBP), which is fast ray ray

and accurate, is well (_jeveloped for_reconstrgcting the in- _ K/ Ap(x, v, 2)dl )
ternal structures of objects from their projections in many ray

applications, such as medical computerized tomography
[20]. However, the algorithm implicitly assumes that the

”“mbe.r of projections IS large enough ar!d th_at complete laser light,p the density distribution in the test section, and
projection data are available for every direction without Lo T . :

X : . : oref the density distribution in the reference section, which
noise. These assumptions are obviously not true in some;

o is assumed to be constapty.
applications. . . .
. . . The relation betweemp and mole fraction of helium,
There are two reasons which make it possible to develop M

new algorithms for tomography in engineering rather than hefium, 15

2. Mach—Zehnder holographic interferometer

Interferometry is a technique that uses a property of waves
of light. It compares the shape of a wavefront passing a test
section with that of a reference wavefront which does not
pass the test section. The difference in wavefront shapes is
shown by means of the interference fringes, which are dark
and white lines in the interferogram images [29]. A con-
ventional Mach—Zehnder interferometer is one of the holo-
graphic interferometers which is usually used for the 2D
measurement of gas flows [30].

The intensity in the interferogranh, has a relation with
the difference of integrations of refractive indexes along rays
as follows:

Herelg is the intensity of the laser beamthe fringe shift at
a point,K the Gradstone—Dale constahthe wavelength of

Ap

adopting the developed algorithms for tomography in diag- s, .ium = (3)
nostic medicine: algorithms for tomography in engineering Pair — Phelium

are error-tolerable while no error is permitted in diagnostic

medicine; the properties or distributions are often smooth, 3. Filtered-backprojection algorithm

such as the density or temperature of distributions in gas flow

with diffusion in flow-visualization, while the structures of In the FBP algorithm, a planar cross-sectianyf at cer-
objects in diagnostic medicine are discrete. tainzis used. For one view direction@tthe projectiorPy (t)

Besides reconstruction from limited views [21,22], re- is calculated from the fringe shifts in interferogram images:
construction from truncated projections is still a challenge. ni
There are several ways to deal with the problem of trunca- £# () = = = / Ap(x, y)dl (4)
tion: estimate the truncated part of the projection by using had
techniques in sampling [23,24]; recover the truncated part Herer = x cost + y sing as shown in Fig. 1:
by using prediction from statistics [25] or from Bessel
expansions [26], or synthesize a complete projection by Ps(?) =/ Ap(x,y)d
preprocessing an ensemble of truncated sets of projections rayoo
[27_]. Muller and Arce [_28] analyzed the trunca’Fed artif_acts - // Ap(x, y)d(x cosd + ysing —t)dx dy
which depend on the size and shape of the object projected -0
for the continuous imaging domain. (5)
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projection

Fig. 1. Configuration of projection on one view directionéat

Its Fourier transform is

Sp(w) = /oo Py(t) e iwtgy

—o0
o0
— // Ap(x, ) efj(Xw cos-+yw sing) dx dy (6)
—00
Assume

OO .
G(w1, w2) = f f Ap(x, y) g7 @xtey) gy dy @)
—00

Using projection slice theorem [31]:

Sp(w) = G(wcosh, wsing) = G(w, 0) (8)
as well as

Gw,0+7n)=G(—w,0) (9)
h(t) = /Oo || €9 da (10)
we get

oo .
Ap(x,y) = f / G (w1, wp) €27 @13702) diyy davy
—0o0

T oo .
:// So(w)|w| €°" dew dB
0 J—o0
That i:

Ap(x,y>=/0 [/ Pe(@)h(t—C)di} do

(11

12)
The distribution ofA p(X, y) at a certairz level is calculated

from the functionh(t) and the projectiorPy(t). Then the
cross-sections are stacked to form a 3D distribution.

4. Reduced bandlimit for each projection

The functionh(t) can be rewritten by making the band-
limited projection assumption as follows:

245

h(t) = / ooH(a))ei‘”’ do (13)
H _ lw| If o] < W 14
@)= 0 otherwise (14)

whereW is the maximum frequency, i.e. bandlimit, which
is usually half of Nyquist.

In experiments, the projection data may have relatively
large noise due to the limitations of image resolution, and
they may be truncated in some directions since the laser
beam may not be large enough to cover the whole flow field
from every direction. In this study, a new technique, the
reduced bandlimit, is proposed to deal with those influences.

The influences of truncated projections and noise are as-
sumed to belong mainly to high frequency in the Fourier
domain. For the helium—air density stratified flow field, the

density distribution has less high spatial frequency because

of the molecular diffusion and convection. Therefore, the in-

fluences of truncated projections and noise can be reduced

by neglecting the high frequency while the density distribu-
tion may not be affected. In this study, the bandliriit, is
searched for each projection in the Fourier domain.Whg
determined at which the filtered projectiohxPy], has less
fluctuation. It works like a low-pass frequency filter. On the
other hand, the bandlimitv should be as large as possible.
Therefore, every projection is assigned a different reduced
bandlimit, i.e. reduced bandlimit technique. In processing,
a Hamming window is also incorporated for smoothing.
The 3D distribution section is reconstructed using the
reduced bandlimit technique with the FBP algorithm.

Block

Nozzle outlet

NS>

Fig. 2. Configuration of test section and the nozzle.
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5. Experiments and processing 25 and 17 mm, respectively. A half-circle block is attached
to the nozzle to form a half-circle outlet. The flow rate of
5.1. Reconstruction from interferogram image the mixture gas is set to¢@nin (the average velocity is

29.3cm/s). In this study, the three-dimensional density dis-

The steady-state asymmetric flow field is measured us-tributions in the steady stratified flow field are measured.
ing the developed technique. The target is a downward jet The nozzle can be rotatable in order to obtain many direc-
of helium—air mixture, gas into air, as shown in Fig. 2. The tional views.
mole fraction of the mixture gas is 20% helium and 80% A CCD camera is used to record interferograms in 512
air. The downward jet causes a density-stratified flow field, 512 gray images. The images are taken from 12 view direc-
since the density of helium is much less than that of air. The tions from 0 to 180 in steps of 15. The original images of
outlet shape of the nozzle is a semi-circle as shown in Fig. 2. interferograms from 12 view directions are shown in Fig. 3.
Therefore, the density distributions are not two-dimensional. ~ With four steps of processing the images—binary, thin-
The two-dimensional measurement technique would not bening, line segment and fringe shift calculation—2D projec-
applicable. The outer and inner diameters of the nozzle aretion data over 12 views are obtained from 12 interferogram

Fig. 3. Images of Interferograms from 12 view directions.
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Original image Binary image

thinned image

Line segments

Fig. 4. Image processing for one interferogram.

images as in Fig. 4. The projections on a certain horizontal The 0.2032 is the mole fraction of oxygen in the air in the
cross-section are rearranged from the fringe shifts. The pro-experiment. The diameter of the sampling probe is 5mm,
jections at certain directions, e.§. = 0, are truncated  which is relatively large compared with the diameter of the
as shown in Fig. 3. Fig. 5 shows two complete and trun- nozzle. Therefore, the measured results may have errors
cated projections and Fig. 6 shows the filtered projections and the probe may disturb the flow itself.

of those in Fig. 5; this shows the effectiveness of the re-

duced bandlimit technique. Then a density distribution on a

cross-section is reconstructed. Finally, the 3D distributions 6. Results and discussion

are calculated by stacking the cross-section.

The 3D density distribution in the whole volume of
the stratified flow is obtained. Since it is difficult to display
the 3D data in two dimensions, several cross-sections of the
3D data are shown. Fig. 7 shows the density distribution
of five horizontal cross-sections. Fig. 8 shows the density
MHistribution of two vertical cross-sections passing the cen-
ter point. These data reveal the 3D density distribution of
the stable stratified flow. From the vertical cross-sections

Moxygen at y = 0 plane (Fig. 8), the stratified density field can be
" 02032 (15) clearly seen. The downward jet is bent by the effects of the

5.2. Verification using oxygen molarity detector

In order to verify the reconstructed 3D density distri-
bution, the densities at several points are measured by a
oxygen molarity detector with micro-tube pump. The mole
fraction of helium is calculated by using

Mhelum =1
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Fig. 5. Two examples of 1D fringe shifts: complete and truncated.

Filtered projections with/without adaptive bandlimit technique:
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Fig. 6. The effectiveness of the reduced bandlimit (i.e. adaptive bandlimit in the graph) technique.
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Fig. 7. Contour plots of mole fraction of helium on horizontal cross-sections.

25mm 25mm

nozzle

Cross section (x=0) Cross section (y=0)

Fig. 8. Contour plots of mole fraction of helium on vertical cross-sections passing zero point.

buoyancy force. From the horizontal cross-sections (Fig. 7), of density distributions. Using that technique, the noise can
it can be seen that the density distribution is not symmet- also be reduced.
rical to the y-axis. There may be about & 3nclination The reconstructed density distributions are compared with
between thec-axis and the edge of the semi-circle nozzle. the densities detected by the oxygen meter as shown in
The holographic interferometer does not disturb the flow Fig. 9. The results measured by the oxygen molarity de-
fields. On the other hand, the test area is limited to a small tector verified qualitatively the reconstructed density distri-
area where the laser beam passes. The projection data obution. The number of projection data, 12, was thought to
some view directions may be truncated. Using the reducedbe not enough for more accurate results. The reduced ban-
bandlimit technique in the FBP algorithm, the influence of dlimit, which works like a low-pass filter, may also affect
the truncated portion can be reduced in the reconstructionthe accuracy.
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Fig. 9. Comparison of mole fraction of helium along direction at
z=48mm,y =0mm.

7. Conclusion

The 3D gas density distribution of a stably stratified flow
is measured by using tomography with a holographic inter-
ferometer.

To deal with the truncated projections and noise, the new

reduced bandlimit technique is applied in the FBP algorithm,
which is a proper non-iterative algorithm for real time mea-

suring. The results demonstrate that the reduced bandlimit
technique can ignore the high jump aliasing caused by the

truncated portion in filtered projections as well as noise.
They also show that optical tomography is a powerful tool
for measuring 3D gas flows over the whole volume.
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